Both epidermal growth factor receptor (EGFR) and ErbB-2 play an important role in cancer biology and constitute promising molecular targets of therapy. EGFR and ErbB-2 expression has been observed in rhabdomyosarcoma cell lines but not analyzed systematically in rhabdomyosarcoma tumors. Tissue microarray sections representing 66 rhabdomyosarcoma tumors (34 embryonal rhabdomyosarcoma, 32 alveolar rhabdomyosarcoma) were surveyed by immunohistochemistry using antibodies specific for EGFR and ErbB-2. Immunostains were assessed for intensity (0: no immunostaining; 1: weak; 2: moderate; 3: strong) and percentage of at least 500 neoplastic cells exhibiting membranous or membranous and cytoplasmic immunostaining. EGFR and ErbB-2 expression was considered positive if the product of intensity and percentage was greater than 10. Patients had a median age of 5.7 years (range 8 months-19.1 years), and of 65/ 66 patients, 38 were males and 27 were females. Expression of ErbB-2 was identified in 22/66 (33%) cases and tended to be more frequent in the alveolar subtype (13/32, 41%, vs 9/34, 26%, P ¼ 0.30). Expression of EGFR was identified in 31/66 (47%) cases and correlated with the embryonal subtype (26/34, 76%, vs 5/32, 16%, Po0.0001) independent of stage, age, and gender. Coexpression of EGFR and ErbB-2 was identified in eight tumors, of which six were embryonal rhabdomyosarcoma. None of the cases exhibited EGFR or ErbB-2 gene amplification, as assessed using fluorescence in situ hybridization. Furthermore, analysis of 11 additional rhabdomyosarcoma tumors (six alveolar; five embryonal) revealed no evidence of mutations in EGFR exons 18, 19, 20, and 21. In summary, expression of EGFR and/or ErbB-2 is detected in a sizeable subset of rhabdomyosarcoma tumors without evidence of EGFR or ErbB-2 amplification or mutations in the EGFR tyrosine kinase domain. Notably, expression of EGFR correlates with the embryonal subtype, which is also more likely to coexpress EGFR and ErbB-2.
Rhabdomyosarcoma is the most common malignant soft tissue neoplasm in individuals under 19 years of age, with an annual incidence in the United States of approximately 4.6 cases per million. 1 Despite a higher prevalence among younger individuals, rhabdomyosarcoma also affects adults. 2, 3 Based on morphology and molecular biology, rhabdomyosarcoma tumors are currently classified using the modified International Classification of Rhabdomyosarcoma into three main categories: alveolar rhabdomyosarcoma, embryonal rhabdomyosarcoma, and pleomorphic rhabdomyosarcoma. 4 Although both alveolar and embryonal rhabdomyosarcoma tumors exhibit features indicative of rhabdomyoblastic differentiation, the two groups diverge in several aspects that include morphology, molecular genetics, and clinical outcome. Alveolar rhabdomyosarcoma is comprised of small neoplastic cells with scant cytoplasm and harbors nonrandom chromosomal translocations t(2;13)(q35;q14) or t(1;13)(p36;q14) that lead to the fusion of PAX3 and PAX7, respectively, to FOXO1a (FKHR). [5] [6] [7] On the other hand, embryonal rhabdomyosarcoma, which also includes spindle cell, botryoid, and anaplastic rhabdomyosarcoma, is generally comprised of neoplastic cells recapitulating various stages of rhabdomyogenesis and lacks the presence of recurrent chromosomal translocations. 8 Notably, outcome data consistently indicate that patients with alveolar rhabdomyosarcoma have a worse prognosis than those with embryonal rhabdomyosarcoma. 9, 10 The epidermal growth factor receptor (EGFR) family constitutes subclass I of the receptor tyrosine kinase superfamily, and it consists of four genes encoding receptors that play an important role in coordinating many normal cellular processes. 11 Two of the EGFR family members-EGFR (ErbB-1) and ErbB-2 (HER2)-have been the subject of intense investigation in view of their involvement in numerous types of human cancers and their potential as molecular targets of therapy. 12 Amplification of EGFR and ErbB-2 leading to overexpression of their respective gene products has been demonstrated to be of clinical utility in a variety of human cancers, particularly in those of neuronal and epithelial derivation. [13] [14] [15] [16] In addition, the presence of acquired somatic mutations of the EGFR tyrosine kinase domain has been associated with susceptibility to EGFR tyrosine kinase inhibitors (gefitinib or erlotinib). [17] [18] [19] Inhibitors of EGFR and ErbB-2 are currently in clinical use or in advanced clinical trials, 12, 20 including a recent phase I trial of gefitinib in children with refractory solid tumors. 21 Although expression of EGFR and ErbB-2 has been demonstrated 22, 23 in rhabdomyosarcoma cell lines, and in vitro evidence suggests that inhibition of EGFR adversely affects the proliferation and survival of rhabdomyosarcoma cells; 23, 24 no systematic analysis of EGFR and ErbB-2 expression in rhabdomyosarcoma tumors has been undertaken. In this study, we assessed the expression and copy number status of EGFR and ErbB2 in a large group of rhabdomyosarcoma tumors and correlated our findings with histologic subtype and clinical features. We also surveyed a group of rhabdomyosarcoma tumors for the presence of mutations in the EGFR tyrosine kinase domain.
Materials and methods

Paraffin-Embedded Rhabdomyosarcoma Tumors and Tissue Microarray Construction
Sections from two tissue microarray blocks containing tissue cores from 66 formalin-fixed paraffinembedded rhabdomyosarcoma tumors from 66 patients who were enrolled on Children's Oncology Group protocols at various participating sites were obtained from The Biopathology Center, Columbus, OH, USA. All tumors were obtained from patients enrolled on the Intergroup Rhabdomyosarcoma Study Group IV protocol [25] [26] [27] or later studies. Cases were selected on the basis of submission by the treating institution of a paraffin block or formalinfixed tissue for banking at The Biopathology Center. The criteria for submitting blocks for banking were not based on any clinical or pathological factors. An average of 3.1 (range, 1 to 6 cores) 1 mm cores of tumor tissue from each case were used to construct the tissue microarray blocks using a manual arrayer (Beecher Instruments, Sun Prairie, WI, USA). Cores from normal tissues were scattered in each of the tissue microarray blocks as controls.
All tumors fulfilled the diagnostic criteria of rhabdomyosarcoma as defined in the World Health Organization classification. 8 Tumors included 32 alveolar rhabdomyosarcoma and 34 embryonal rhabdomyosarcoma, all of which expressed myogenin and/or Myo-D1. Alveolar rhabdomyosarcoma tumors were comprised of small neoplastic cells with scant cytoplasm and minimal morphologic evidence of differentiation. Embryonal rhabdomyosarcoma tumors were comprised of spindle cells with variable recapitulation of skeletal muscle differentiation stages. For the purpose of statistical analysis, one tumor with mixed alveolar and embryonal morphologic features was included with the alveolar rhabdomyosarcoma group. 8, 28 Two alveolar rhabdomyosarcoma tumors had notable nuclear pleomorphism. Samples included three metastatic tumors, and four samples were procured after initiation of therapy.
This study was conducted with the approval of the St Jude Children's Research Hospital's Institutional Review Board.
Immunohistochemistry
Monoclonal antibodies against EGFR (31G7, 1:10, Zymed, San Francisco, CA, USA), ErbB-2 (1:50, Dako, Carpinteria, CA, USA), myogenin (1:1600, Dako), and MyoD1 (1:25, Dako) were utilized for immunohistochemical analysis. Immunostaining using the EGFR antibody was carried out on the automated Ventana Benchmark XT immunostainer (Ventana Medical Systems, Tucson, AZ, USA) using the manufacturer's deparaffinization, antigen retrieval, and detection reagents. Briefly, for EGFR immunostaining, tissue microarray sections were deparaffinized using EZ Prep followed by 4-min incubation in Protease-1 solution according the manufacturer's recommended protocol. Visualization of EGFR immunostaining was by a biotin-avidin immunoperoxidase assay (IVIEW DAB Detection Kit). Immunostaining using the ErbB-2, myogenin, and MyoD1 antibodies was carried out on a Dako autostainer (Dako) with off-line deparaffinization and pretreatment. Briefly, for ErbB-2, myogenin and MyoD1 immunostaining, tissue microarray sections were deparaffinized using xylene and hydrated using alcohols to distilled water followed by antigen retrieval in a steamer with Target Retrieval (Dako) at pH 6.0. Visualization of ErbB-2, myogenin, and MyoD1 immunostaining was by biotin-avidin immunoperoxidase assay with staining performed on the Dako autostainer using LSAB2 (Dako) detection kit.
Immunostains for EGFR and ErbB-2 were interpreted as described previously. 29 The intensity of immunostaining was estimated as follows: 1, weak; 2, moderate; or 3, strong. The percentage of tumor cells positive for EGFR and ErbB-2 in a membranous staining pattern (with or without significant cytoplasmic staining) was estimated by counting at least 500 tumor cells in each core. Results were scored by multiplying the percentage of positive cells by the estimated intensity of immunostaining (score ¼ percentage Â intensity; maximum ¼ 300). The core with the highest score determined the final value for each case. For the purposes of statistical analysis, a score of 20 or higher was used to define positivity based on data distribution plot ( Figure 1 ). For myogenin and Myo-D1, any unequivocal nuclear immunostaining by tumor cells was considered positive, irrespective of intensity.
Fluorescence In Situ Hybridization
Fluorescence in situ hybridization (FISH) was performed to estimate the copy number of the EGFR and ErbB-2 genes. Four bacterial artificial chromosome-derived probes were used for this purpose. A fluorescein-tagged probe targeting the EGFR locus on chromosome 7p11.2 (Invitrogen, Carlsbad, CA, USA; clone RPCI-11 148P17, 155 kb) was paired with a rhodamine-tagged control probe targeting the CFTR locus on 7q31.2 (Invitrogen, clone RPCI-11 460J21, 167 kb). Similarly, a rhodamine-labeled probe targeting the ErbB-2 locus on chromosome 17q12 (Invitrogen, clone CTD-2019C10, 351 kb) was paired with a fluorescein-labeled control probe targeting the RPA1 locus on 17p13.3 (Invitrogen, clone RPCI-11 4F24, 140 kb). All probes were paired for dual target hybridization in DenHyb buffer (Insitus Laboratories, Albuquerque, NM, USA) at a dilution of 1:50. Hybridization was carried out as described previously.
30 DAPI (1 ml/ml) (Insitus Laboratories) was used as a nuclear counterstain, and sections were visualized under a Nikon E800 fluorescence microscope with appropriate filters (Nikon Instruments, Melville, NY, USA) and AI Cytovision software (Applied Imaging, Santa Clara, CA, USA).
Cores in which 490% of nuclei showed hybridization signals were considered informative, and those were scored for the number of fluorescent signals by counting 100 non-overlapping intact nuclei. Samples were considered amplified for EGFR or ErbB-2 if they demonstrated nuclei with EGFR:CFTR or ErbB-2:RPA1 signal ratio 42, respectively.
Mutation Analysis
Eleven frozen rhabdomyosarcoma tumor samples were obtained from the SJCRH Tissue Resources Core Facility. A small fragment of each sample was fixed in formalin and embedded in formalin for quality assurance. All samples represented viable rhabdomyosarcoma tumors (six alveolar; five embryonal), as determined by reviewing hematoxylin and eosin-stained slides, and were positive for myogenin. EGFR expression was detected by immunohistochemistry in 5 samples (one alveolar; four embryonal).
Extracted tumor DNA was used to amplify EGFR exons 18, 19, 20, and 21 using primer sequences and PCR conditions kindly provided by Dr M Meyerson (Dana-Farber Cancer Institute, Boston, MA, USA) 17 and available upon request. Following amplification, PCR products were purified using the Qiaex II gel extraction kit (Qiagen, Valencia, CA, USA) or Microcon-100 purification columns (Millipore, Billerica, MA, USA). Purified DNA was then sequenced in both sense and antisense directions by Big Dye 
Statistical Analysis
Associations between EGFR/ErbB-2 immunostaining and stage were examined using the exact Kruskal-Wallis test. Fisher's exact test was used to examine the association between EGFR/ErbB-2 immunostaining and histologic subtype. The exact 
Wilcoxon rank sum test was used to examine the association between age at diagnosis and histologic subtype. Multiple logistic regression models were used to explore the correlation between ErbB-2 (or EGFR) expression (positive vs negative) and the predictor variables including histologic subtype, stage, age and gender.
Results
Patient Characteristics
The demographic and clinical characteristics of the study group cases are summarized in Table 1 . Gender data were available on 65/66 patients, of whom 38 were males (14 alveolar, 24 embryonal) and 27 were females (18 alveolar, 9 embryonal). The patients had a median age of 5.7 years (range, 8 months-19.1 years). As expected, patients with alveolar rhabdomyosarcoma tended to be older than patients with embryonal rhabdomyosarcoma (median age 10 years, range 10 months-19.1 years, vs 4.7 years, range 8 months-17.2 years, respectively; P ¼ 0.06).
Patients were staged according to the Intergroup Rhabdomyosarcoma Study Group criteria, 28 and staging data were available on 65/66 patients. There was no correlation between histologic subtype and stage (P ¼ 0.81) in this study group. Stage was as follows: 12 stage I patients (5 alveolar, 7 embryonal); 9 stage II patients (5 alveolar, 4 embryonal); 30 stage III patients (15 alveolar, 15 embryonal); and, 14 stage IV patients (7 alveolar, 7 embryonal). No follow up data was available.
ErbB-2 and EGFR Expression in Rhabdomyosarcoma Tumors
Expression of ErbB-2 (Figure 2b, d ) was identified in 22 (33%) of 66 rhabdomyosarcoma tumors. ErbB-2 expression tended to be more frequent in the alveolar subtype, with 13 (41%) of 32 alveolar rhabdomyosarcoma tumors compared to 9 (26%) of 34 embryonal rhabdomyosarcoma tumors positive for ErbB-2, although this difference did not attain statistical significance (P ¼ 0.30) (Table 2a) . There was no correlation between ErbB-2 expression and stage or between ErbB-2 expression and localized (stages I-III) vs metastatic (stage IV) disease (P ¼ 0.27 and P ¼ 0.35, respectively). Using a multiple logistic regression model, we further examined whether histologic subtype in rhabdomyosarcoma was significantly correlated with ErbB-2 expression level after adjusting for other variables such as stage, age, and gender and found no evidence of such a correlation.
Expression of EGFR (Figure 2a, c) The above analyses were also performed using a lower cutoff score of 10 or higher for both the ErbB-2 and EGFR immunostains and yielded identical conclusions.
Coexpression of EGFR and ErbB-2 was identified in eight (12%) of 66 rhabdomyosarcoma tumors, six of which were of the embryonal subtype. The six embryonal rhabdomyosarcoma tumors with EGFR and ErbB-2 co-expression had advanced stage disease (stage III or IV), while the two alveolar rhabdomyosarcoma tumors had low stage disease (stage I and II). Conversely, alveolar rhabdomyosarcoma tumors were significantly more likely to lack expression of both EGFR and ErbB-2 compared to embryonal rhabdomyosarcoma tumors (16/32, 50%, vs 5/34, 15%, P ¼ 0.003). The tumor with mixed alveolar and embryonal histology exhibited strong immunostaining with ErbB-2 and was negative for EGFR. Of the two cases with notable nuclear pleomorphism, one case was positive for ErbB-2 and negative for EGFR, while the second was negative for both.
ErbB-2 and EGFR Gene Copy Number Analysis
Fluorescence in situ hybridization was performed using probes specific for the EGFR gene at 7p11.2 EGFR and ErbB-2 in rhabdomyosarcoma R Ganti et al and the ErbB-2 gene at 17q12. In order to control for potential aneuploidy involving chromosomes 7 and 17, both test probes (EGFR and ErbB-2) were paired with control probes targeting loci on opposing chromosomal arms, specifically 7q31.2 and 17p13.3, respectively. Of the 66 cases analyzed, none had nuclei with EGFR:CFTR or ErbB-2:RPA1 signal ratio 4 2, thereby indicating no evidence of genomic amplification at either of the test loci ( Figure 3 ).
EGFR Tyrosine Kinase Domain Mutation Analysis
The EGFR exons 18, 19, 20, and 21 were amplifiable using polymerase chain reaction (PCR) in all 11 rhabdomyosarcoma tumor samples analyzed, which included six alveolar and five embryonal rhabdomyosarcoma tumors. Sequencing revealed no detectable mutations, suggesting that none of these tumors harbored mutations in the EGFR tyrosine kinase domain.
Discussion
Proteins of the EGFR family are expressed in various tissues of epithelial, mesenchymal and neuronal Po0.0001. EGFR: epidermal growth factor receptor.
EGFR and ErbB-2 in rhabdomyosarcoma R Ganti et al origin. 12 EGFR expression in the developing human fetus has been detected in a wide variety of tissues, 31 including skeletal muscle tissue. 32 The expression of EGFR has been also demonstrated in rhabdomyosarcoma cell lines, in which abrogation of EGFR expression was found to impair proliferative ability. 23 Likewise, ErbB-2 is required for myoblast cell survival, 33 and ectopic expression of ErbB-2 in a transgenic mouse that lacks the p53 tumor suppressor gene has been shown to promote rhabdomyosarcoma development 34 (although p53 mutation frequency has been found to be extremely low in rhabdomyosarcoma tumors 35 ). Therefore, EGFR and ErbB-2 seem to be associated with rhabdomyogenesis and appear to play a role in rhabdomyosarcoma development in the mouse. These data, coupled with the fact that EGFR and ErbB-2 are expressed by rhabdomyosarcoma tumors, suggest that targeting these two molecules for therapeutic purposes in preclinical trials might be warranted.
Rhabdomyosarcoma is a common soft tissue neoplasm that includes two primary histologic subtypes-the alveolar and embryonal subtypeswith divergent morphologic, molecular, and clinical features. It is well-established that embryonal rhabdomyosarcoma tumors generally behave less aggressively than alveolar rhabdomyosarcoma tumors. 9, 10 However, despite advances in the treatment of patients with rhabdomyosarcoma, the overall 5-year failure-free survival does not exceed 80% even among patients with embryonal rhabdomyosarcoma or low stage disease, 27, 36 highlighting the need for novel approaches in stratifying rhabdomyosarcoma patients for therapeutic and prognostic purposes. The correlation of EGFR expression with prognosis has been identified in several human cancers. In cancers of the head and neck, ovary, cervix, and bladder, EGFR expression inversely correlates with patient survival. 37, 38 Whether EGFR expression connotes a favorable outcome-since it correlates with the more favorable embryonal subtype-or delineates a subset of embryonal rhabdomyosarcoma with poor outcome remains to be determined. The identification of a subset of rhabdomyosarcoma tumors with coexpression of EGFR and ErbB-2 might also point to a distinct subset of rhabdomyosarcoma tumors that could be particularly susceptible to targeted therapies. Analysis of this subset in our study group reveals that all six embryonal rhabdomyosarcoma tumors with EGFR and ErbB-2 coexpression have advanced stage disease (stage III or IV). Interestingly, the only two alveolar rhabdomyosarcoma cases with coexpression of EGFR and ErbB-2 were low stage tumors (stage I and II).
The expression of EGFR and ErbB-2 does not appear to be as prevalent among other small round cell neoplasms that commonly present in children and adolescents as it is in rhabdomyosarcoma. In a group of Ewing sarcoma family tumors with confirmed EWS translocations, we have identified only 2/47 (4.2%) EGFR-positive tumors and 11/49 (22.4%) ErbB-2-positive tumors. 39, 40 Likewise, neuroblastoma tumors predominantly lack EGFR expression (J Khoury, unpublished data), and in a published survey of a large group of neuroblastoma tumors only a small subset expressed ErbB-2. 41 These data seem to suggest that the prevalence of EGFR and ErbB-2 expression is distinctly higher among rhabdomyosarcoma tumors compared to the Ewing sarcoma family of tumors and neuroblastoma.
Although immunohistochemistry is useful in identifying EGFR expression, its utility as a screening tool for identifying subjects who may respond to current anti-EGFR therapies has not been established. Among patients with colon cancer, for example, cetuximab-a chimeric monoclonal antibody that targets the extracellular domain of EGFRappears to show activity in patients whose tumors are negative for EGFR by immunohistochemistry. 42 Accordingly, whether anti-EGFR therapies might benefit more patients with rhabdomyosarcoma than is suggested by our immunohistochemistry results remains to be determined in controlled prospective studies. The latter would also overcome another Figure 3 Fluorescence in situ hybridization results demonstrating the presence of (a) two copy numbers of the ErbB-2 gene (red) and (b) two copy numbers of the EGFR gene (green). limitation of this study, which involved retrospective analysis of convenience samples from several multi-institutional clinical trials.
Aberrations of the EGFR gene carry significant implications in a variety of human tumors. 43 For example, EGFR amplification has been found to be an independent predictor of prolonged survival in patients with glioblastoma multiforme who were older than 60 years of age. 44 Using FISH, we demonstrate the absence of ErbB-2 and EGFR amplification in all rhabdomyosarcoma tumors in our study group. In patients with non-small cell lung carcinoma, mutations in the EGFR tyrosine kinase domain have been associated with responsiveness to EGFR inhibitors. [17] [18] [19] In our hands, there was no evidence of mutations in the EGFR tyrosine kinase domain in 11 rhabdomyosarcoma tumor samples, as evidenced by the lack of detectable mutations in EGFR exons 18 through 21. Similarly, in a recent study by Baird et al, mutation analysis of all 28 exons of EGFR in 275 soft tissue sarcomas that included six rhabdomyosarcoma tumors revealed no evidence of mutations. 45 Despite the biological insight gained from these data, they remain limited by small sample numbers, and by themselves do not rule out a possible role for EGFR inhibitors with anti-tyrosine kinase activity in treating rhabdomyosarcoma. Among patients with recurrent malignant glioma, response to EGFR inhibitors was observed in a subset of patients despite the lack of mutations in the EGFR kinase domain, and such a response was correlated with loss of PTEN and expression of EGFR class III variant (EGFRvIII), a mutant form of EGFR that lacks 267 amino acids from its extracellular domain. 46, 47 In conclusion, expression of EGFR and/or ErbB-2 can be detected in a sizeable subset of rhabdomyosarcoma tumors, with no evidence of amplification at 7p11.2 and 17q12 or mutations in the EGFR tyrosine kinase domain. Notably, EGFR expression correlates with the embryonal subtype independent of other variables such as stage, age, and gender, and it is also more likely to coexpress EGFR and ErbB-2.
